Abbreviation Key: IL = interleukin; NOS = nitricoxide synthases; RNI = reactive nitrogen intermediates; ROI = reactive oxygen intermediates; TNF = tumor necrosis factor.
AN OVERVIEW
Monocytes-macrophages, cells belonging to the mononuclear phagocytic system lineage, are considered to be the first line of immunological defense against infective agents (Skamene and Gros, 1983 ). Macrophages perform a wide variety of functions, including engulfment (phagocytosis) of foreign particles, destruction of bacterial and tumor cells (Qureshi et al., 1986; Qureshi and Miller, 1991) , and secretion of prostaglandins (Bonney and Davies, 1984) and cytokines that regulate activity of lymphocytes and other macrophages (Kimball, 1990) . Macrophages in the bone marrow influence the development and activation of pluripotent stem cells (Nathan, 1987; Rich, 1988) . One of the macrophage's most important functions is participation in acquired immune response (Auger and Ross, 1992) . Macrophages are key players in this response, which processes antigen and presents antigenic fragments to T lymphocytes in the context of both Class I and Class II MHC cell surface antigens (Unanue and Allen, 1987) . The efficiency of this interaction is influenced by the ability of antigenic fragments to bind to Class I and Class II proteins and the overall level of expression of these cell surface molecules. Thus, any substance that interferes with this process might weaken the acquired immune response .
Research in avian macrophages has lagged behind those in mammals. One reason for this is the lack of the conventional source commonly used in mammalian studies: resident peritoneal macrophages . Whereas murine models have a significant population of resident peritoneal macrophages, chickens have few, if any, harvestable peritoneal macrophages (Glick et al., 1964; Rose and Hesketh, 1974) . As a result, a number of other sources have been utilized such as bone marrow, bursal-derived, thymic-derived, and splenic macrophages (Peck et al., 1982) , and peripheral blood monocytes (Vainio et al., 1983) . Now, methods exist for obtaining avian abdominal macrophages. Sabet et al. (1977) found that intraperitoneal injection of cross-linked dextran will elicit a peritoneal exudate rich in macrophages. Trembicki et al. (1984) then streamlined this procedure to produce maximum macrophage yield. However, these macrophages differ from murine resident macrophages because the elicitation activates them. Thus, after harvest they are already capable of certain activated macrophage functions such as bacterial killing (Qureshi et al., 1986) . Another source of avian macrophages for research is immortalized cell lines. The HD11 macrophage cell line was developed by a viral transformation with myelocytomatosis virus (Beug et al., 1979) . Another cell line, MQ-NCSU, was recently established out of a spleen from a chicken experimentally challenged with Marek's disease virus (Qureshi et al., 1990) .
Mammalian macrophages are known to be key elements in regulating mammalian immune responses. Despite limited studies with chicken macrophages, it is known that they are also capable of regulating certain lymphoid functions. Chicken macrophages are necessary for the mitogenic responses of lymphocytes to pokeweed mitogen (Vainio and Ratcliffe, 1984) and concanavalin A (Fredericksen and Gilmour, 1983) . Macrophages are also capable of suppressing this response (Sharma, 1980; Schaefer et al., 1985) . In mammals, antigen-specific activation of T cells is the result of interaction of antigen-sensitized lymphocytes and macrophages that express identical MHC molecules (Class II) on their cell membranes (Rosenthal, 1978) . The cell surface marker analogous to Class II MHC (also known as Ia and HLA-DR) is termed B-L in chickens (Peck et al., 1982) .
Chicken macrophages have been found to express surface receptors for the Fc (Duncan and McArthur, 1978) and for C3b , which enhance their ability to engulf opsonized particles. Like mammalian macrophages, avian macrophages are capable of engulfing both opsonized and unopsonized particles, with opsonized particles being more efficiently phagocytized (Qureshi et al., 1986; Powell, 1987) . Chicken macrophages digest particles with hydrolytic enzymes such as lysozymes and acid phosphatase (Fox and Solomon, 1981; Qureshi and Dietert, 1995) . Like their mammalian counterparts, avian macrophages are capable of producing reactive oxygen intermediates (ROI) (Golemboski et al., 1990a) and reactive nitrogen intermediates (RNI) Sung et al., 1991; Qureshi et al., 1993) .
It is not known whether chicken macrophages have the cell surface markers Mac-1 and LFA, which are necessary for mammalian macrophage adherence and chemotaxis. It is known, however, that avian macrophages are capable of migrating in response to chemotactic factors such as fMLP (Qureshi et al., 1988; Golemboski et al., 1990b) and that they possess integrins that are related to the Mac-1 and LFA proteins (Hynes, 1987) .
Cytokine production is another aspect of the avian macrophage that has not been well characterized. Chicken macrophages do produce interleukin (IL)-1 (Klasing and Peng, 1987; Qureshi et al., 1994) and tumor necrosis factor (TNF)-a (Zuckerman et al., 1989) . HD11 cells have also been shown to produce a myelomonocytic growth factor (Leutz et al., 1988) . In addition, MQ-NCSU conditioned medium contains a fraction with the potential to stimulate bone marrow cells into granulocyte and monocyte-macrophage lineage (Nicolas-Bolnet et al., 1995) .
Being the first line of immunological defense, macrophages represent an important step during interaction with infectious agents. The outcome of macrophagepathogens interaction depends upon several factors including the stage of macrophage activation, the nature of the infectious agent, the level of genetic control on macrophage function as well as the nutritional and environmental factors that may modulate macrophage activation and function (reviewed by Dietert et al., 1991) . Some of these factors that may influence macrophage functions will be discussed in the following sections.
MACROPHAGE FUNCTION MODULATION

Nutritional Factors vs Macrophage Functions
The primary focus of determining nutrient requirements in poultry production is to improve performance characteristics such as growth and yield. However, nutritional factors are drawing renewed attention for their role in improving disease resistance and health. Therefore, a common industry practice is to use dietary supplements in levels higher than currently recommended. The basis for such practices is the identification of compounds that besides being essential for growth, have also shown immune enhancement potential. For example, dietary zinc supplementation in the form of organic zinc-methionine complex, when added in excess (30 ppm more) of the levels found in a standard poultry diet, improved macrophage phagocytosis of Salmonella enteritidis in young turkeys (Kidd et al., 1994) . Improvements in macrophage recruitment during an inflammatory response were observed in heat-stressed broilers fed vitamins A, D, E, and B-supplemented drinking water (Ferket and Qureshi, 1992) . In ovo exposure of turkey and broiler embryos on day of transfer with 10 to 30 IU of vitamin E improved macrophage functions such as phagocytosis and arginine metabolites at posthatch (Gore and Qureshi, 1996) . Chicken macrophages respond to biological stimuli such as lymphokines and bacterial lipopolysaccharides. Such activation induces crucial enzyme systems such as nitric oxide synthases (NOS) that utilize arginine as a substrate to yield bioactive metabolites involved in bacterial and tumor cell killing (Hussain et al., 1996) . Similarly, b-hydroxy-b-methylbutyrate, a leucine catabolite, when given in the diet or exposed to macrophages in culture, increased several immunological endpoints including enhanced antigen uptake and Fcreceptor expression (Peterson et al., 1996; Qureshi, unpublished data) . Dietary supplementation with natural compounds such as Spirulina platensis (blue-green algae), rich in protein, vitamins and minerals, has been shown to enhance the clearance of Escherichia coli and Staphylococcus aureus from systemic circulation and spleen, thereby suggesting activation of mononuclear phagocytic system of chickens . The mechanism(s) for macrophage function modulation in response to most of these nutrients is not well defined. However, it is clear that dietary components can have a significant influence on the ability of the host to mount an effective immune response.
Environmental Factors vs Macrophage Functions
As the first line of immunological defense, monocyte/ macrophage cells are obvious targets for various environmental stressors and toxins. Studies have shown that an increase in chicken's core body temperature slightly above normal or when exposed to heat stress in vitro, macrophages undergo both molecular and functional changes. These changes are documented in terms of increased expression of heat-shock gene families. Monocytes/ macrophages expressing heat-shock proteins exhibit reduced phagocytic and tumoricidal potential (Miller and Qureshi, 1992a,b) . The expression of heat-shock gene families occurs with nonthermal stressors as well, i.e., in vitro exposure of macrophages with lead acetate and lipopolysaccharide induces molecular changes similar to the ones exhibited under heat stress (Miller and Qureshi, 1992c) . This result suggests that environmental factors other than heat stress may also compromise macrophage effector functions. Exposure to toxicological agents, such as direct-acting mutagens (e.g., methyl methanesulfonate), causes both genotoxic and immunotoxic changes in chicken macrophages (Qureshi et al., 1989) . More relevant to the poultry industry however, are the naturally occurring mycotoxins that are known to be growth-suppressive and immunosuppressive and may cause significant mortality. Mycotoxins, such as aflatoxin, fumonisin, diacetoxyscirpenol, and trichothecene, are shown to reduce macrophage viability and effector functions (Neldon-Ortiz and Qureshi, 1991; Qureshi and Hagler, 1992; Brundage, 1994; Kidd et al., 1995) . A recent study has shown that dietary exposure of broiler breeder hens to graded levels of aflatoxin transfers aflatoxin residues into the eggs. Such maternal transfer and resulting embryonic exposure reduced macrophage phagocytic function and the production of reactive oxygen metabolites by macrophages of progeny chicks that were placed on nonaflatoxin amended diet (Qureshi et al., unpublished data) . These observations imply that maternal transfer of mycotoxin residues may reduce immunological competence of the progeny chicks, thereby making them increasingly susceptible to disease.
Infectious Agents vs Macrophage Functions
Upon physical contact with the microorganisms (e.g., bacteria), attachment of the organism with the macrophage occurs through nonspecific or receptor-mediated binding. The process of attachment is facilitated if the bacterial target is coated with opsonins, such as immunoglobulins or complement. After attachment, the microbe is engulfed by the macrophage via membrane invagination into a vacuole termed the phagosome. Intracellular events following engulfment include fusion of lysosomes with phagosomes. This fusion permits the lysosomal acid hydrolysis to mediate destruction of the engulfed particles. These events of bacterial uptake leading to their destruction by chicken macrophages have been recently examined using acid phosphatase cytochemistry and high voltage transmission electron microscopy techniques (Qureshi and Dietert, 1995) . Failure of lysosomes to discharge their contents into the phagosomes results in the intracellular survival of several bacteria, such as Mycobacterium tuberculosis, Listeria monocytogenes, and certain virulent strains of Salmonella typhimurium. However, intracytoplasmic killing of Campylobacter jejuni by chicken peritoneal macrophages (Myszewski and Stern, 1991) , Pasteurella multocida by turkey peritoneal macrophages (Harmon et al., 1992) , and Salmonella typhimurium by chicken respiratory phagocytes (granulocytes and macrophages) (Toth et al., 1992) has been demonstrated.
Chicken macrophages have been shown to restrict the growth of viruses such as reticuloendotheliosis, infectious bronchitis, and several strains of Marek's disease virus as well as virus-transformed lymphoblastoid cell lines (reviewed by Dietert et al., 1991) . In contrast, several viruses such as Newcastle Disease virus and IBDV can replicate in macrophages leading to functional alterations. McConnell et al. (1993) reported that macrophages isolated from chickens infected with chicken anemia virus produced less IL-1 and fewer Fc receptors and had reduced phagocytic and bactericidal activity. Chicken macrophage cell lines, namely MQ-NCSU and HD11, were shown to support productive replication of virulent avian influenza virus. These infected macrophages produced less nitric oxide than the uninfected controls (Lyon and Hinshaw, 1993) . In contrast, HD11 macrophages were shown to produce higher levels of TNF-like following coccidial infection (Zhang et al., 1995) .
In conclusion, macrophages are crucial effector cells in innate as well as acquired immune responses. It is clear that various dietary, genetic, and environmental manipulations can modulate macrophage activity. Therefore, the knowledge of macrophage effector functions is particularly relevant to developing new strategies for enhancing the disease resistance of poultry stocks.
